GENERAL INTRODUCTION
An attempt was made in 1986 to utilize fresh corn meal as a growth medium to establish Pythium on the roots of creeping bentgrass (Agrostis palustris L.) for research purposes. The attempt failed, but it was noticed that establishment of creeping bentgrass was much lower on the plots receiving the corn meal. It was hypothesized that the corn meal contained a substance that inhibited plant establishment. It was later demonstrated that the highest concentration of inhibitory substances in the corn grain is found in corn gluten meal, a by-product of the wet milling process of corn . Corn gluten meal is a common ingredient of animal feeds. Subsequently, U.S. Patent
No. 5,030,268 claiming corn gluten meal as a natural preemergence weed control was issued in 1991 . Marketing of corn gluten meal as a preemergence herbicide for turfgrass use began in 1995.
Dianna Liu, a graduate student in horticulture at Iowa State University, isolated and identified five compounds from corn gluten meal that are responsible for the herbicidal action in 1992. Five bio-active dipeptides were isolated: Alaninyl-alanine, alaninyl-glutamine, alaninyl-asparagine, glutaminylglutamine, and glycinyl-alanine . It was found that the dipeptides inhibit or seriously impede the formation of roots by the germinating seedling.
J. Bryan Unruh, a graduate student in horticulture at Iowa State University, investigated the specific mode of action of the dipeptides at the cellular level in 1995. This research demonstrated that root tips treated with alaninyl-alanine were void of cellular components such as nuclei and mitotic structures. Similarities were also noted between the dipeptides and synthetic herbicides such as the chloracetamides. The observed effects on mitosis were different than those caused by dithiopyr, a pyridinoxy herbicide, and the dinitroaniline herbicides .
The results of these studies suggested that an additive effect on weed control might be observed if corn gluten meal and a synthetic herbicide are applied in combination. If an additive effect is observed, corn gluten meal could be used to reduce the application rate of synthetic herbicides. The objective of this research was to investigate the effect of sublethal rates of synthetic herbicides combined with corn gluten meal on weed control.
Thesis Organization
The following thesis consists of a review of relevant literature and two research manuscripts prepared in partial fulfillment of the requirements for the degree, Master of Science. The first part of the thesis is a review of the literature for the topics turfgrass weeds and control strategies, synthetic herbicides for annual grass weed control in cool season turfgrass, environmental concerns arising from synthetic herbicide use, and corn gluten meal. The second section is a manuscript to be submitted to Crop Science that reports on the use of pendimethalin and corn gluten meal combinations for weed control in turfgrass.
The third section is a manuscript to be submitted to Crop Science that reports on a greenhouse study of synthetic herbicide and corn gluten meal combinations for weed control. Following the third section are general conclusions and acknowledgments.
LITERATURE REVIEW

Turfgrass Weeds and Control Strategies
A weed is any plant growing where it is not wanted (Turgeon, 1996) . For turfgrass management, a weed might be defined as any plant other than the intended species and cultivar(s) of grass that occur in a turfgrass stand. About 30,000 plant species are considered weeds (Ware, 1994) . Of these, about 82 species are adapted to conditions found in turfgrass management (Beard, 1973) . Factors that either favor or limit adaptation include production of large numbers of seeds, rhizomes, or other reproductive structures. Additional factors include tolerance to cultural conditions such as low mowing height, irrigation intensity, and soil pH (Beard, 1973) .
Turfgrass weeds may be classified as annual broadleaf, perennial broadleaf, perennial grass, or annual grass. Two examples of broadleaf weeds in turfgrass are dicotyledonous plants such as dandelion (Taraxacum officinale Weber) and white clover (Trifolium repens L.). Broadleaf weeds are usually controlled using postemergent herbicides (Turgeon, 1996) . Annual broadleaf weeds may also be controlled by certain preemergence herbicides. Isoxaben [N-(3-(1-ethyl- 
Synthetic Herbicides for Annual Grass Weed Control in Cool Season Turfgrass
Herbicide nomenclature and classification of chemicals is confusing and often a particular chemical will be classified differently depending on the source
referenced. An example of this is fenoxaprop-ethyl [(±)-ethyl 2-4-((6-chloro-2-benzoxazolyloxy)-phenoxy)propanoate], a postemergence grass herbicide. The compound is classified in the literature as: an oxyphenoxy acid ester (Ware, 1994) , an aryloxyphenoxypropionate (Zimdahl, 1993) , and as a phenoxypropionic acid (Kirkwood, 1987) . Much of the confusion arises due to the complexity of chemical nomenclature (Zimdahl, 1993) . class. Bromoxynil (3,5 dibromo-4-hydroxybenzonitrile) uncouples oxidative phosphorylation. Dichlobenil (2,6-dichlobenzonitrile) exerts its herbicidal activity by interfering with cell wall synthesis (Zimdahl, 1993) . But the mode of action does not vary among chemicals within the same class of chemistry when considering only the preemergence chemicals that are labeled for use on cool season turfgrass.
Microtubules and microfilaments are the proteinaceous structures that are primary components of the plant cytoskeleton (Devine et al., 1993) . Microtubules are therefore structures necessary for mitosis . Prodiamine was developed by Sandoz Crop Protection Corporation in the mid 1980's. Prodiamine is a long-lasting herbicide that provides good control of many annual grass weeds in established turfgrass (Sybouts, 1987 (Armbruster et al., 1991) .
Environmental Concerns Arising from Synthetic Herbicide Use
The Poaceae is one of the largest and most widely distributed plant families. Grasses have played an important role in protecting our environment for many centuries (Beard, 1994) . Turfgrasses have many functional benefits to the environment. A stand of grass can reduce soil erosion and aid in dust stabilization. A turfgrass stand can improve the rate of groundwater recharge by reducing runoff and increasing the infiltration capacity of the soil. The soil is improved by the addition of organic matter derived from the turnover of various plant tissues. Other benefits include heat dissipation, noise abatement, and air pollution control by utilizing carbon monoxide (Beard, 1994) .
Despite the many advantages to the environment of maintaining a stand of turfgrass, serious questions have been posed in recent years concerning management practices. Specifically, the use of certain synthetic fertilizers and pesticides has been implicated as being potentially harmful to the environment.
Turfgrass management accounts for a very small percentage of total pesticides applied. But, turfgrass is the most intensely managed biotic system (Smith, 1993) .
The turfgrass industry and particularly golf courses are scrutinized due to the perception that intense management practices create the potential for environmental harm (Kenna, 1995 ).
An increase in public concern of pesticide use began in the 1960's. This was the result of increased pesticide use, the advent of equipment that allowed the detection of contamination at very low concentrations of pesticides, and increased media attention (Smith et al., 1993) . In response, studies were initiated by the United States Golf Association (USGA) in 1991 to determine the impact of turfgrass management practices on the environment and the fate of chemicals applied.
The fate of chemicals after application is influenced by a number of processes. The potential for a chemical to leach through the soil profile is related to both water solubility and sorption. Water solubility describes a chemical's ability to dissolve in water. Sorption refers to adsorption, the potential of a chemical to bind to a soil particle; and absorption, the potential to penetrate the soil particle. Highly soluble chemicals with low soil adsorption have increased potential to contaminate groundwater (Kenna, 1995) .
Other possible fates of chemicals include microbial degradation, chemical degradation, photo-decomposition, volatilization, and plant uptake. Chemicals that are persistent in the soil rather than breaking down and those with low volatility have increased potential to harm the environment (Kenna, 1995) .
Dinitroanaline herbicides have low water solubility (Bhowmik and Bingham, 1990) . The USDA Soil Conservation Service classifies two dintiroanaline herbicides, pendimethalin and benefin, as having small potential subsurface losses. This is due to their relatively high soil adsorption coefficient (Balogh and Anderson, 1992) .
These materials, however, have medium to high potential for surface loss (Kenna, 1995) . Pendimethalin has a large runoff rating as classified by the USDA Soil Conservation Service. A field volatilization study determined that 13% of applied pendimethalin is lost due to volatilization. This loss is low relative to some other common pesticides. Pendimethalin also has the potential to be highly persistent in the environment (Balogh and Anderson, 1992) .
Prodiamine and dithiopyr are newer materials that were not included in any of the USGA funded studies on pesticide fate that were conducted in the early 1990's. Both of these materials are applied at much lower rates than other herbicides for turfgrass use. Regardless of the actual fate of these chemicals, public perception concerning the possible negative effects of chemical use and increased media attention has provided researchers the incentive to investigate natural substances that may have herbicidal properties .
Com Gluten Meal
In 1986, researchers at Iowa State University attempted to introduce Pythium fungus into a newly established putting green for research purposes.
Fresh corn meal was inoculated with Pythium cultures and tilled into the upper few inches of the soil. The attempt to establish the fungus was a failure.
However, it was noted that the establishment of creeping bentgrass had been greatly reduced in the plots receiving the fresh corn meal .
Further studies were conducted with different corn based products and it was determined that corn gluten meal has the most herbicidal activity. Corn gluten meal is the protein fraction of corn that is extracted during the wet-milling process. Corn gluten meal is a by-product that is usually used as an animal feed. U.S. Patent No. 5,030,268 claiming corn gluten meal as a natural preemergence weed control was issued in 1991 . Marketing of corn gluten meal as a preemergence herbicide for turfgrass use began in 1995.
It was observed that corn gluten meal effects plant establishment by inhibiting the formation of roots by the germinating seed .
Recent research has shown that corn gluten meal inhibits the establishment of several monocotyledonous and dicotyledonous species .
Work was initiated in 1989 by Dianna Liu, a graduate student in horticulture at Iowa State University, to isolate and identify compound(s) that are responsible for herbicidal activity. Five bio-active compounds were identified: Alaninyl-alanine, alaninyl-glutamine, alaninyl-asparagine, glutaminyl-glutamine, and glycinyl-alanine. Bioassays using pure, synthetic dipeptides on perennial ryegrass (Lolium perenne L.) seeds confirmed the root inhibiting activity of the compounds .
J. Bryan Unruh, a graduate student in horticulture at Iowa State University, investigated the specific mode of action of the dipeptides at the cellular level. Perennial ryegrass seedlings treated with alaninyl-alanine were compared to untreated seedlings using light and transmission electron microscopy. These studies showed that treated root tips were void of mitotic structures and discernible nuclei. Root tips also had uneven thickening and breakage of epidermal and subepidermal cells .
Other studies determined that alaninyl-alanine effects root growth by inhibiting cell division rather than disrupting cell division processes. This mode of action is similar to that of herbicides in the sulfonylurea and chloracetamide Pendimethalin is a selective preemergence dinitroanaline herbicide for grassy and broadleaf weeds (Parka and Soper, 1977; .
PENDIMETHALIN AND CORN GLUTEN MEAL COMBINATIONS FOR WEED CONTROL IN TURFGRASS
Although pendimethalin and other synthetic herbicides are highly effective, public awareness of the possible negative effects of synthetic herbicide use has provided researchers the incentive to investigate natural substances that may be developed as natural herbicides . Pendimethalin has medium to high potential for surface loss (Kenna, 1995) . Pendimethalin also has the potential to be highly persistent in the environment (Balogh and Anderson, 1992) .
Corn gluten meal, the protein fraction of corn, is extracted during the wet milling process and contains approximately 10% nitrogen by weight. Recent research has shown that corn gluten meal inhibits establishment of several monocotyledonous and dicotyledonous weed species . The mode of action is the inhibition of root development that causes the seedling to die under moisture stress conditions.
Turfgrass treated with corn gluten meal also exhibits visual quality equal to or greater than that of turfgrass treated with commercially available fertilizers .
Corn gluten meal is marketed for the preemergent control of crabgrass in turfgrass, and the recommended application rate is 98 g m-
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. Previous studies suggest that corn gluten meal applied at that rate provides 40 to 60% control of crabgrass during the first year, and that control increases with reapplication to~ 85% in subsequent years .
The recommended application rate of pendimethalin is 176 to 274 mg ai m-2 . If this rate could be reduced, some environmental concerns associated with the use of pendimethalin might be reduced. Our objective was to investigate the effects of different rates of corn gluten meal combined with sublethal rates of pendimethalin on germination and establishment of large crabgrass and smooth crabgrass.
MATERIALS AND METHODS
Greenhouse Experiments
The three experiments were initiated on 6 February, 15 February, and 27
February, 1995. Black plastic pots ( The turfgrass was mowed at 6.5 em and supplemental irrigation was applied as necessary throughout the summer to prevent dormancy. No other fertilizer was applied during the study. In both years two researchers visually estimated percent cover of smooth and large crabgrass 15 weeks after application of corn gluten meal. Data are reported as the average of the two independent observations. Estimates of turfgrass visual quality were made 5, 7, 11, and 15 weeks after application of corn gluten meal. Turfgrass visual quality was evaluated on a scale of 1-9 where 1 =poorest quality, 6 =lowest acceptable quality, and 9 =best quality based on overall color, density, and uniformity.
Greenhouse and field data were analyzed by using the general linear models (GLM) procedure of SAS (SAS Institute, 1990) . Data collected from the three greenhouse studies were pooled. The two years of field data were pooled and analyzed using the method for multiple year, single location studies as described by Steel and Torrie (1980). Fisher's least significant difference (LSD) test was used to compare main effect means and means over all treatments.
RESULTS
Greenhouse Experiments
Increasing the application rates of both corn gluten meal and pendimethalin decreased the number of crabgrass plants (Table 1 ). All rates of pendimethalin reduced crabgrass germination more effectively than did corn gluten meal. The analysis showed differences among studies at the Po.os level due to pendimethalin activity. This was due to variation among the three experiments in crabgrass control by the lowest level of pendimethalin. An interaction between corn gluten meal and pendimethalin was observed for the reduction of crabgrass survival. Increasing the rate of corn gluten meal when applied in combination with pendimethalin did not reduce crabgrass survival as much as when corn gluten meal was applied alone. This was due to the effectiveness of pendimethalin at its lowest application rate.
Field Experiment
The effects of pendimethalin and corn gluten meal on crabgrass cover did not vary between the two studies. An additive effect on crabgrass cover was observed when corn gluten meal and pendimethalin were applied in combination to turfgrass in the field. Each 49 g m-2 increase in applied corn gluten meal reduced crabgrass cover but the level of reduction over the previous rate decreased as rate increased ( For each increase of 49 g m-2 corn gluten meal, turfgrass visual quality was improved by approximately 1 unit on the 1 to 9 scale after 5 and 7 weeks (Table 3 ).
The fertilizer effects from corn gluten meal were visible for 11 weeks, there after, no visible response was detected. Pendimethalin did not affect turfgrass visual quality.
DISCUSSION
The rates of pendimethalin tested were 1/6, 1/3, 1/2, and 2/3 of the minimum recommended application rate, and the rates of corn gluten meal tested were 1/2, 1, and 2 times the recommended application rate of corn gluten meal. The percentage reduction in crabgrass caused by addition of pendimethalin to the corn gluten meal application differed between the greenhouse and field experiments. The results of both the field and greenhouse experiments suggest that crabgrass control may be improved by applying a sublethal rate of pendimethalin in combination with corn gluten meal.
Different conditions between field and greenhouse studies may have caused larger reductions in crabgrass when pendimethalin was applied at sublethal rates in the greenhouse. In the greenhouse study, unlike the field study, we applied pendimethalin to bare soil. The lack of interference due to a thatch layer and the environmental uniformity in the greenhouse may have caused a reduction in the amount of pendimethalin required to inhibit seedling germination. The organic matter content of the soil used was unusually high due to the inclusion of organic matter in the greenhouse soil that would not be present in the field soil. This may have affected the results but not as much as the other greenhouse factors mentioned. Our results suggested that applying pendimethalin with corn gluten meal would improve crabgrass control (Table 1 ).
In the field study, crabgrass control was improved over that of corn gluten meal applied alone by using the three combinations of corn gluten meal and
Pendimethalin. There was no difference in crabgrass control among these rate combinations ( Table 2 ). The previously documented fertilizer effect caused by corn gluten meal was also observed in our field experiment.
Increased turfgrass vigor caused by the fertilizer effect may contribute to the reduction in crabgrass observed on plots treated with corn gluten meal .
Several products with a synthetic herbicide presprayed onto synthetic fertilizer granules are marketed for use on turfgrass. The potential exists to manufacture corn gluten meal coated with a sublethal rate of pendimethalin.
The ratio of corn gluten meal to pendimethalin applied could be based on individual consumer preferences concerning the desired fertilizer effect and amount of synthetic pesticide used. These might be used as transition products that would provide acceptable crabgrass control during the first year of corn gluten meal use. In subsequent years, either corn gluten meal alone could provide adequate control of crabgrass :j: Turfgrass visual quality was evaluated on a scale of 1-9 where 1 = poorest quality, 6 =acceptable turfgrass, and 9 =best quality based on overall color, density, and uniformity. § According to Fisher's least significant difference test.
INTRODUCTION
Several herbicides for the preemergence control of annual grassy and broadleaf weeds have recently been developed. The dinitroanaline herbicides pendimethalin and prodiamine and the pyridinoxy acid herbicide dithiopyr act to inhibit mitosis in the developing seedling Armbruster et al., 1990) . Although these herbicides are highly effective at low application rates, concern over possible negative effects of synthetic herbicide use on the environment has provided researchers the incentive to investigate natural substances with herbicidal properties .
Recent research has shown that corn gluten meal, the protein fraction of corn that is extracted by the wet milling process, inhibits the establishment of several economically important weed species . Corn gluten meal is marketed for the preemergence control of crabgrass in turfgrass. The recommended application rate is 98 g m-2 • Previous studies suggest that corn gluten meal applied at this rate provides 40 to 60% control of crabgrass (Digitaria spp.) during the first year, and that control increases with reapplication to;::: 85% in subsequent years .
Perennial ryegrass was selected as the test crop for these studies because it was readily available and previous research has demonstrated herbicidal activity of corn gluten meal on this species .
Our goal is to improve the weed control of corn gluten meal. Previous research suggests that crabgrass control is improved when corn gluten meal is combined with a sublethal rate of pendimethalin (Gardner, 1996) . Prodiamine and dithiopyr are two other synthetic herbicides that are effective at controlling crabgrass at low use rates. Both herbicides have a similar mode of action to that of pendimethalin. Our objective was to investigate the effects of corn gluten meal combined with sublethal rates of the synthetic herbicides pendimethalin, prodiamine, and dithiopyr on germination of perennial ryegrass in the greenhouse.
MATERIALS AND METHODS
The two experiments were initiated on 19 June and 3 July, 1996. Black plastic pots (10.2-by 10.2-by 6.5 em, Belden Plastics, St. Paul, MN) were placed on a bench in a greenhouse in a randomized complete block design with three rows of 12 pots per block. There were three replications per treatment. The pots were filled with a Nicollet field soil with a pH of 6.2, 6 mg P kg-\ 61 mg K kg-\ and 21 g kg-1 of organic matter. Soil surface area of the pots was 68 cm 2 . Each pot was seeded by hand with 0.3 g perennial ryegrass seed. A 2 mm coating of the same field soil was applied to each pot after seeding so that the seeds were covered.
Pendimethalin, prodiamine, and dithiopyr were each applied at four rates in a factorial arrangement with three rates of corn gluten meal (Grain Processing, Inc., Muscatine, lA). The corn gluten meal was applied by hand at single application rates of 0, 49, or 98 g m-
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• The synthetic herbicides were each dissolved in 2 ml of water and applied by using a mist atomizer (DeVilbiss Co., Somerset, PA). Pendimethalin was applied at single application rates of 0, 29, 59, or 88 mg ai m- Greenhouse data were analyzed by using the analysis of variance (ANOVA) procedure of SAS (SAS Institute, 1990) . Data collected from the two greenhouse studies were pooled. Fisher's least significant difference (LSD) test was used to compare treatment means.
RESULTS
The analysis showed no overall difference between studies. The analysis did show differences in rye grass survival among studies at the P o.os level for corn gluten meal and herbicide rate. This was primarily due to variation in the activity of the corn gluten meal (Tables 1 and 2 ). In the first experiment, corn gluten meal application caused a slight reduction in perennial ryegrass survival.
In the second experiment, corn gluten meal application caused an increase in perennial ryegrass survival. An interaction between the activity of the synthetic herbicides and the amount of corn gluten meal applied was also observed.
Increasing the rate of corn gluten meal decreased the reduction in plant survival as increasing rates of the synthetic herbicides were applied.
The type of herbicide used and the rate at which it was applied caused significant differences in ryegrass survival. More plants survived treatment with prodiamine compared to treatment with pendimethalin or dithiopyr (Table   3 ). There was an interaction between the herbicide used and the rate at which it was applied. Increasing rates of pendimethalin or dithiopyr beyond the lowest application rate resulted in a smaller decrease in plant survival than when prodiamine was used.
DISCUSSION
The rates of the different synthetic herbicides tested were 1/6, 1/3, and 1/2 of the minimum recommended application rate, and the rates of corn gluten meal tested were 1/2 and 1 times the recommended application rate corn gluten meal. The synthetic herbicides for this study were selected based on proven effectiveness in the field and low recommended application rates.
Differences between field and greenhouse conditions likely caused the large reductions in crabgrass observed when the synthetic herbicides were applied at sublethal rates in the greenhouse. In the greenhouse we applied the herbicides to bare soil. The lack of interference due to a thatch layer and the environmental uniformity in the greenhouse may have caused a reduction in the amount of the synthetic herbicides required to inhibit seedling germination.
Perennial ryegrass germinates in about four days and elongation of the primary root is rapid during seedling development. This may not have allowed adequate time for the corn gluten meal to take effect.
The largest reductions in ryegrass numbers resulted when either pendimethalin or dithiopyr were used. Previous field studies suggest that the control of crabgrass caused by prodiamine is similar to that of pendimethalin and dithiopyr. It is, however, possible that prodiamine does not inhibit perennial ryegrass as effectively.
Previous research suggests that applying a sublethal rate of pendimethalin in combination with corn gluten meal in the field can increase the control of crabgrass over that of corn gluten meal applied alone (Gardner, 1996) . The results of this study suggest that dithiopyr and possibly prodiamine may also be suitable candidates for use in combination with corn gluten meal. Because the label rates of dithiopyr and prodiamine are 1/6 and 1/3 that of pendimethalin, this would provide a further reduction in the amount of synthetic herbicide required on an ai ha-1 basis to achieve acceptable crabgrass control. Future experiments in the field should investigate the activity of combinations of corn gluten meal and either dithiopyr or a liquid formulation of prodiamine that may result in more uniform coverage. Means are the average of three replications from each of two experiments applied in combination with three rates of corn gluten meal (n=18).
:j: LSD(o.os) = 7% for the comparison of all means according to Fisher's least significant difference test.
GENERAL CONCLUSIONS
Results of the experiments reported in the preceding two manuscripts suggest that the activity of corn gluten meal, a natural preemergence herbicide, can be improved by the addition of a sublethal rate of a synthetic herbicide.
The results of the first set of experiments suggest that crabgrass control may be improved by the addition of a sublethal rate of pendimethalin to the corn gluten meal application. Three ideal combinations of rates were identified.
These were 49 g m-2 corn gluten meal and 88 mg ai m-2 pendimethalin, 98 g m-2 corn gluten meal and 59 mg ai m-2 pendimethalin, and 147 g m-2 corn gluten meal and 29 mg ai m-2 pendimethalin. Each provided 75-85% control of crabgrass. The ratio of corn gluten meal to pendimethalin could be based on individual consumer preferences concerning the desired fertilizer effect and amount of synthetic pesticide used. These might be used as transition products that would provide acceptable crabgrass control during the first year of corn gluten meal use. In subsequent years, either corn gluten meal alone could provide adequate control of crabgrass , or the label rate could be reduced if applied with a sublethal rate of pendimethalin.
The second set of experiments reported on the activity of combinations of corn gluten meal and sublethal rates of the herbicides pendimethalin, prodiamine, and dithiopyr on perennial ryegrass tested in the greenhouse. The results suggest that sublethal rates of dithiopyr have herbicidal activity similar to sublethal rates of pendimethalin when combined with corn gluten meal. It is possible that dithiopyr would cause reductions in crabgrass numbers similar to those of pendimethalin when tested in the field. Because the label rate of dithiopyr is 1/6 that of pendimethalin, this would result in a further reduction in the amount of synthetic herbicide required to control crabgrass. Future research should include field studies to determine the activity of combinations of corn gluten meal and sublethal rates of dithiopyr.
Alaninyl-alanine is a dipeptide found in corn gluten meal that has been identified as a component with herbicidal activity .
Further studies suggest that the effects of alaninyl-alanine at the cellular level are similar to those caused by herbicides in the sulfonylurea and chloracetamide class . There are no herbicides in either class labeled for Studies conducted by I wish to thank my major professor, Dr. Nick Christians, for allowing me the opportunity to be a part of the turfgrass research program at Iowa State.
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